• Background and Aims To understand the link between species diversity and phenotype developmental evolution is an important issue in evolutionary biology. Yarrows in the genus Achillea (Asteraceae) show a great diversity in leaf serrate or pinnate dissection patterns. In Arabidopsis thaliana, the development of leaf serration requires the activity of the transcription factor CUC2. Does this regulator also work for leaf dissections of the Asteraceae plants? If so, how do the conserved regulatory 'tools' work differently to produce diverse leaf forms?
INTRODUCTION
As Charles Darwin believed, speciation is a process where 'descent with modification' leads to changes of forms, and there must be genetic laws and environmental factors regulating these changes.
In evolutionary biology, studies of speciation are inevitably linked to causes of phenotypic divergences because reproductive isolation may evolve as a by-product of genetic changes underlying one or more key phenotypes (Wu, 2001; Sobel et al., 2010) . Changes of traits among divergent organisms should have historical signals and/or specific designs adjusted to environment. Therefore, identifying genetic or environmental causes of phenotypic changes can inspire hypotheses about the process and relevant evolutionary forces of speciation.
Achillea, a Northern Temperate genus of Asteraceae, contains about 110-140 species. They exhibit tremendous morphological polymorphisms and a broad amplitude of adaptation (Guo et al., 2004) . Yarrows, referring to taxa of A. millefolium species complex, are of economic importance due to their wide usage in agriculture, horticulture and pharmacology (Akram, 2013) .
In plant evolutionary biology, they have formed an important study system since the classic experimental studies on the nature of species by Clausen, Keck and Hiesey in the 1940s (Clausen et al., 1948; Ramsey, 2011; Guo et al., 2006 Guo et al., , 2013 . A great diversity of leaf forms can be found in Achillea: usually dentate or pinnatisect, and sometimes compound leaves with vermiform leaflets. Interspecies or intertaxa differences in leaf forms are usually stable, and often used in taxonomy as diagnostic feature of species/ taxa. A prominent example concerns two diploid species in East Asia, A. acuminata and A. asiatica, which are phylogenetically relatively distant and morphologically distinct: the former is characterized by serrate lanceolate leaves, whereas the latter carries three-pinnatisect leaves (Fig. 1) . Between the two diploid species, there is an allotetraploid species complex which exhibits a gradient variation on leaf forms from being one-pinnatisect to two-pinnatisect (Guo et al., 2006) . A long-standing question that interests us is: what is the molecular basis of such leaf form diversity?
Leaf shape is one of the most variable traits of plants. Studies in model plants such as arabidopsis, Cardamine, Aquilegia, Solanum, Pisum and Medicago have demonstrated that all forms are determined during primary morphogenesis (also referred to as morphogenesis) and secondary morphogenesis (also referred to as differentiation) of leaf development (Dengler and Tsukaya, 2001; Bar and Ori, 2015) , where conserved 'tools', primarily hormones and transcription factors (TFs), are used in different contexts flexibly adjusted to phylogenetic lineages, development stages and environments (Blein et al., 2008; Berger et al., 2009; Canales et al., 2010; Bilsborough et al., 2011; Hasson et al., 2011; Cheng et al., 2012; Zhou et al., 2013; Dkhar and Pareek, 2014; Bar and Ori, 2015) . In Arabidopsis thaliana, leaf shape is modulated by patterning events in the margin where a PIN-based auxin efflux leads to morphogenesis of leaf serration, i.e. a feedback system involving the CUC2 TF (CUP-SHAPED COTYLEDON2), PIN1 (PIN-FORMED1), auxin and miR164 acts as a core circuit to regulate the auxin efflux patterning during leaf tooth initiation (Nikovics et al., 2006; Barkoulas et al., 2007; Bilsborough et al., 2011) .
Arabidopsis thaliana CUC2 and its orthologues, such as Petunia hybrida NAM (NO APICAL MERISTEM), Antirrhinum majus CUP (CUPULIFORMIS), Solanum lycopersicum GOB (GOBLET) and Medicago truncatula MtNAM, belong to the NAC family, one of the largest groups of plant-specific TFs.
The family NAC is named after petunia NAM (Souer et al., 1996) and arabidopsis ATAF and CUC (Aida et al., 1997) . Proteins that contain the NAC domain, a highly conserved amino acid motif, are involved in diverse regulatory processes during plant development such as mediating lateral organ formation and regulating stress responses. NAC proteins consist of 21 subfamilies; to date, NAC TFs have been identified not only in land plants but also in several groups of streptophyte green algae (Zhu et al., 2012; Maugarny-Calès et al., 2016) . NAM/ CUC belong to the land plant-specific NAC Ia subfamily (Zhu et al., 2012) . They are key regulators of boundary development, and this role is well conserved among a range of species (Souer et al., 1996; Aida et al., 1997; Weir et al., 2004; Blein et al., 2008; Berger et al., 2009) . Blein et al. (2008) proposed from studies on five eudicot species that NAM/CUC genes conservatively promote formation of a boundary domain that delimits leaflets and leaf lobes. Recently, Cheng et al. (2012) and Zhou et al. (2013) reported the requirement for MtNAM in the development of leaf marginal indentation and lateral organ separation in M. truncatula.
In Achillea, either the serrate or the pinnate leaf is undoubtedly the result of patterning events in leaf margins, and therefore we expect that the diverse morphs of yarrow leaves might be linked to variation of activities of the orthologues of NAM (CUC1/2) among species. In this study, we isolated NAMlike genes from two Achillea species that are distinct in leaf morphology, verified their orthologous relationship to NAM (CUC1/2) genes of other angiosperms and detected their expression patterns during leaf development. We aim to shed light on the expected activities of NAM-like genes in determining leaf dissections of the Achillea species, and to find out possible changes of the NAM expression pattern that lead to the polymorphic leaves in the genus. We hope the results of this study may help us to better understand developmental evolution underlining phenotype diversity, and eventually answer questions about plant speciation and adaptation.
MATERIALS AND METHODS

Plant materials
Achillea acuminata and A. asiatica occur in sympatry in Arxan Mt. region, north-east Inner Mongolia, China. Field observations on morphological traits, including leaf shapes, capitula and synflorescences, and flowering time, of these two species were conducted on their natural populations (47°21′N, 120°08′E; altitude 1100 m) and seeds of both species were collected for experiments. The seeds were sown in growth pots containing humus soil:vermiculite (1:1) in a greenhouse/incubator under controlled condition (16 h day, 23 °C/8 h night, 23° C).
Observations on seedling leaf morphology and morphogenesis of leaf serration or lobes under scanning electron microscopy (SEM) We observed the morphology and growth of the early seedling leaves (Fig. 2) . The growth rates of the earliest four leaves that were sampled for all the assays of this study were recorded as changes of leaf length every day after germination (DAG) (Supplementary Data Fig. S1 ).
The morphogenesis of the leaf serration or leaf lobes was observed under SEM with the four earliest seedling leaves. According to growth rates (Supplementary Data Fig. S1 ), the whole seedling at the age of 0-10 DAG (for A. acuminata) or 0-16 DAG (for A. asiatica) was sampled. Prior to the SEM observation, cotyledons or older leaves were peeled off. Samples were dehydrated through a graded ethanol series, transferred into solutions for transparency (100 % ethanol:isoamyl acetate 1:3, 1:1, 3:1 each for 20 min; pure isoamyl acetate for 20 min, twice), placed in a Quorum K850 critical point dryer (Quorum, UK) and then mounted on stubs and shadowed with gold. Observations were with a Hitachi E-1010 scanning electron Genomic DNA was extracted from fresh seedling leaves using the Plant Genomic DNA Kit (Tiangen Biotech, Beijing, China), and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturers' instructions. RNA concentration and quality were measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA with an A 260 /A 280 ratio of 1.8-2.0 was reverse transcribed into cDNA using a Fast Quant RT kit (with gDNase) (Tiangen Biotech).
As there are no genome or transcriptom sequencing data available for Achillea, to isolate NAM orthologues from the species of interest, we downloaded a set of expressed sequence tags (ESTs) of the Asteraceae species (i.e. Artemisia annua, Centaurea maculosa, Cichorium intybus, Gerbera hybrida, Guizotia abyssinica and Zinnia violacea) from the NCBI database, and then ran a local BLAST in the EST data set using sequences of HpNAM (of Helianthus paradoxus) and LvNAM (of Lactuca virosa) (Adam et al., 2010) Fig. S2 ) and were aligned with AtCUC1, AtCUC2, AtCUC3, PhNAM and other orthologous sequences to anchor the Asteraceae-specific nucleotide positions based on which the partially degenerate primers, ComNAM-S1/ComNAM-A1 and ComNAM-S2/ ComNAM-A2, were developed and used in the amplification of the partial NAM coding region of A. acuminata and A. asiatica from their cDNA. Based on the fragments thus obtained, two forward primers, R-NAM-S1 and R-NAM-S2, were developed for 3′ rapid amplification of cDNA ends (RACE) PCR with the 3′-Full RACE Core Set Ver.2.0 (Takara). An Achilleaspecific reverse primer (AchNAM-A0) was then designed according to the 3′ RACE product; meanwhile, a 5′-forward primer AaNAM-S0 was designed against the 5′-untranslated region (UTR) sequence of a NAM-like fragment from the EST of Artemisia annua (Achillea and Artemisia both belong to the tribe Anthemideae of Asteraceae). Amplification using AaNAM-S0/AchNAM-A0 helped us to obtain the full-length gene from genomic DNA, and then the complete coding region from cDNA. Then genome walking was performed with total genomic DNA to amplify the 5′-upstream region of the gene (GenomeWalker Universal kit, BD Bio-sciences, San Jose, CA, USA) following the manufacturer's protocol. To obtain reliable sequence polymorphisms in the 5′-upstream region, two additional species, A. ptarmica and A. finipendulina which are cultivated in Beijing Botanical Garden and which are closely related to A. acuminata and A. asiatica, respectively, were also sequenced for comparison.
All primers used are listed in Supplementary Data Table S1 , and the approximate primer positions are presented on a sketch map of the gene structure (see below). The sequences of the full-length gene are deposited in NCBI GenBank with accession numbers KX722452 (for AacNAM of A. acuminata) and KX722453 (for AasNAM of A. asiatica).
Phylogenetic analysis
The NAM/CUC TFs belong to the land plant-specific subfamily NAC Ia of the plant NAC (NAM, ATAF1/2, CUC) family of TFs (Zhu et al., 2012) . To verify the relationships of the Achillea NAM-like genes to petunia NAM, arabidopsis CUC and NAM-like genes described in other angiosperms, we conducted a phylogenetic analysis on the NAC Ia members across the major clades of land plants. First, the BLAST searches were performed in the plant genomics resource Phytozome v11.0 with 16 representative species as targets and the deduced amino acid sequences of Achillea NAM as queries; additionally, NAC Ia members of other plants, i.e. Phoenix dactylifera, Picea abies and Ginkgo biloba, were obtained by BLAST in the genome database of the NCBI, Congenie and GigaScience, respectively. The NAM sequences of P. hybrida, L. virosa and Elaeis guineensis (oil palm) analysed by Adam et al. (2010) were downloaded from the NCBI. In total, 177 amino acid sequences of 24 species (Supplementary Data Table S2 ) were aligned in MAFFT v7.305b (Edgar, 2004; Katoh and Standley, 2013) with the E-INS-i iterative refinement method.
The best-fit partitioning schemes and substitution models of the alignment were estimated with PartitionFinder v1.1.1 (Lanfear et al., 2012) which suggested separate analyses of the two partitions (the NAC DNA-binding domain and the remaining non-conserved regions). JTT + G and JTT + G + F substitution models according to the Akaike information criterion (AIC) and Bayesian information criterion (BIC) were used for the two partitions, respectively. The phylogenetic analysis was performed using the Maximum Likelihood (ML) method implemented in RAxML v8.2.9 (Stamatakis, 2014) . Statistical support for internal nodes of the phylogenetic trees was computed with 1000 bootstrap replicates.
Whole-mount in situ hybridization
Prior to in situ hybridization, the digoxigenin-labelled antisense and sense RNA probes were synthesized in vitro using SP6 and T7 RNA polymerase (Roche, Basel, Switzerland) from an Achillea NAM-specific DNA fragment that was amplified using the primers listed in Supplementary Data Table S1 .
According to our observation and records on leaf growth rate (Supplementary Data Fig. S1 ), seedlings carrying two (the earliest two leaves grow simultaneously) up to four leaves, i.e. at ages of 2(3)-8 DAG (A. acuminata) or 3(4)-15 DAG (A. asiatica) were sampled. The whole seedlings were fixed under vacuum with 4 % paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 1-2 h and then incubated in a fresh solution of 4 % PFA overnight at 4 °C. The experimental procedure including chlorophyll removal, dehydration, permeabilization, protease treatment, hybridization, washing and detection basically followed the protocol of Hejátko et al. (2006) were then digested with 20 μg mL -1 proteinase K (in 100 mm Tris pH 8.0, 50 mm EDTA) at 37 °C for 30 min. (2) After the posthybridization washing, samples were pre-incubated with 3 % bovine serum albumin (BSA)/PBST for 1 h, and then preabsorbed in the 1: 2500 diluted Anti-Digoxigenin-AP antibody solution with incubation at room temperature for 2 h. (3) The colour reaction to visualize the hybridized probe was carried out for 4-12 h (according to the degree of colour) at room temperature. When the signal appeared, photographs were taken under an Imager D2 (Carl Zeiss, Jena, Germany).
Droplet digital PCR and quantitative real-time PCR
Droplet digital PCR and quantitative real-time PCR (written as ddPCR and qPCR below) were conducted in parallel to investigate the possible differential temporal expression patterns between the two Achillea species. Similar to in situ hybridization, the four earliest seedling leaves were checked during these quantitative assays. Of both species, the first and second leaves were treated as one accession because they grow simultaneously ( Fig. 2; Supplementary Data Fig. S1 ). Therefore, three sets of leaves (the first and second; the third; and the fourth) were analysed and, of each set, five developmental stages (a-e) were defined temporally. Of all leaves, stage 'a' corresponded to the day when the leaves were about 1.5 mm in length, and then, the later stages were sampled every day (for the first and second leaves) or every other day (for the third and fourth leaves as their growth duration is longer than that of the first and second leaves). For the growth rate information and leaf shape at each of the five stages, readers are referred to Supplementary Data Fig. S1 . To obtain enough RNA, pooled leaf samples (the same aged leaves from several seedlings) were used. For each assay, three biological replicates were sampled, and for each replicate three technical repeats were conducted. The sampling strategies for ddPCR and qPCR were completely identical.
The ddPCR assays were performed with a QX200 Droplet Digital PCR system according to the manufacturer's protocol (Bio-Rad, USA). TaqMan assay primers and probes were adjusted to final concentrations of 900 and 250 nm, respectively. The reaction (at a volume of 20 μL) was conducted with the 2× ddPCR supermix, and the cDNA sample was at a concentration of 100 ng µL -1
. The 20 μL sample mix was added into the sample well of the DG8TM cartridge, while 70 μL of droplet generation oil was added to the corresponding oil well. The cartridge was then placed into the QX 200 droplet generator for 2 min for the generation of droplets which were then transferred to a 96-well PCR plate (twin. tec PCR plates 96, semi-skirted, blue, Eppendorf). The PCR plate was heat sealed with a pierceable foil seal in the PX1™ PCR Plate sealer (BioRad, USA) and then was put into the C1000 Touch™ Thermal Cycler for amplification with the following standard program: 95 °C for 10 min followed by 40 cycles at 94 °C for 30 s, 55 °C for 1 min, 98 °C for 10 min with a ramp rate of 50 % (2 °C s -1 ). After the amplification, the plate was put into the QX200 Droplet Digital reader. Data analysis was performed using Quantasoft™ software (Bio-Rad, USA) to calculate the number of copies per cDNA. The housekeeping gene ACTIN was used as internal control. Gene-and species-specific primers and probes are listed in Supplementary Data Table S1 .
Quantitative real-time PCR was carried out with cDNA at a concentration of 100 ng µL -1 and SYBR Premix Ex Taq™ (Tli RNaseH Plus) (Takara) in the 7500/7500 Fast Real-Time PCR System (Applied Biosystems). The reaction was in a volume of 20 µL containing 4 µL of cDNA template, 10 µL of SYBR Premix Ex Taq, 0.4 µL of ROX Reference Dye, 0.4 µL of primers and 4.8 µL of H 2 O. The reaction was run with the following program: 95 °C for 5 min, and then 40 PCR cycles at 95 °C for 5 s; 60 °C for 34 s. The 7500 Software v2.0.6 (Applied Biosystems) was used to determine melting curves, amplification curves and cycle threshold values (Ct values). The relative expression values were calculated using the comparative Ct (2 −ΔΔCT ) method. Gene-and species-specific primers are listed in Supplementary Data Table S1 .
RESULTS
Morphogenesis of leaf serration or lobes
Seeds germinated at about 4-6 d after sowing. The morphologies and growth rate of young seedling leaves are shown in Fig. 2 and Supplemntary Data Fig. S1 . Note that differentiation of the serrate and pinnate patterns between the two species appears with the very first seedling leaf. Furthermore, the two-to three-pinnatisect form appears after the third leaf of A. asiatica, whereas, for A. acuminata, the later leaves continue to be serrate. The morphogenesis of leaf serration or lobes was observed by SEM (Fig. 3) . Of both species, the development of the dissection did not initiate until a leaf was about 300-400 µm long (Fig. 3) .
Sequence characters of the NAM-like genes cloned from the Achillea species and phylogenetic analysis of NAC Ia transcription factors
Using primers designed during this study (Supplementary  Data Table S1 ), we successfully amplified and cloned the full-length NAM-like genes from A. acuminata and A. asiatica (named AacNAM and AasNAM, and deposited in the NCBI database with accession numbers KX722452 and KX722453, respectively). They have the same structure and gene-specific sites as the orthologous NAM (CUC1/2) genes of petunia, arabidopsis and other angiosperm plants so far reported, containing three exons and two introns (Fig. 4A) . The deduced protein sequences of the Achillea NAM genes were aligned with those of P. hybrida NAM, arabidopsis CUC1/2/3 and the homologues in some other eudicot species. The result showed that those sequences were highly comparable, all containing a conserved N-terminal NAC domain and the polymorphic C-terminal sequences. In particular, the specific miR164-binding site characterized our sequences as NAM orthologues (Supplementary Data Fig. S3 ).
Comparing sequences of AacNAM (of A. acuminata) and AasNAM (of A. asiatica), we found in the coding region 33 substitutions, comprising 26 synonymous substitutions and seven non-synonymous substitutions, and two 3 bp indels, which correspond to two codons (Fig. 4B ). In addition, by genome walking, we successively sequenced the NAM 5′-upstream sequences with a length of approx. 1000-2000 bp from four Achillea species (A. finipendulina and A. ptarmica were additionally sequenced for comparison). Figure S4 in the Supplementary Data shows that those sequences are structurally comparable with the 5′-flanking sequences of the NAM-related genes of arabidopsis and several other eudicots and monocots (Adam et al., 2010) , i.e. they all have a conserved non-coding sequence (CNS). Looking into the promoter sequences of the Achillea NAM genes, we found a prominent difference between the two pairs of species: compared with A. asiatica and A. finipendulina, A. acuminata has an insertion of about 1210 bp starting from the position of base pair -800. Similarly, A. ptarmica, a sister species of A. acuminata, has basically the same insertion (just 400 bp shorter); A. asiatica and A. finipendulina, which have similar leaf dissection patterns and are relatively closely related to each other, have the same promoter sequences (Fig. 5) .
The phylogenetic analysis on 177 protein sequences of the NAM (CUC1/2) and other related members of the NAC Ia subfamily showed that the sequences of Physcomitrella patens and Selaginella moellendorffii together formed a 'moss + lycophyte' clade, the sequences of Ginkgo biloba and Picea abies grouped as a gymnosperm clade, and sequences of angiosperms fall into six clades. Sequences of the Achillea AacNAM (of A. acuminata) and AasNAM (of A. acuminata) are grouped with LviNAM (of Lactuca virosa), forming the highly supported Asteraceae NAM branch that is nested in the NAM/CUC1,2 clade of angiosperms (Fig. 6) . A rooted tree with the 'moss + lycophyte' clade as outgroup shows more detailed information on the branching patterns and sequence relationships (Supplementary Data Fig. S5 ). The branching patterns, whereby none of the gymnosperm sequences was grouped with any of the angiosperm clades, that a sequence of Amborella trichopoda, one of the earliest diverging lineages of flowering plants, is available at the basal position of each of the six angiosperm clades, and that most of the angiosperm clades (except clades B and CUC3) basically consist of a monocot group and an eudicot group, suggest that NAC Ia had experienced copy number expansion after the split of the angiosperm and gymnosperm lineages but prior to the radiation of the extant angiosperms. Furthermore, the angiosperm clade B splits into B1 and B2, each containing a group of eudicot sequences (Supplementary Data  Fig. S5 ), indicating an additional eudicot-specific duplication.
Expression of AacNAM and AasNAM in leaf and leaf lobe margins detected by whole-mount in situ mRNA hybridization
To localize the expression of AacNAM and AasNAM in a leaf blade and to detect their expression patterns, we performed Fig. 5 . The 5′ upstream region sequences of Achillea NAM genes. Two additional species, A. filipendulina and A. ptarmica, which have deeply divided pinnate leaves and serrate leaves, respectively, were also sequenced for comparison. The sequences corresponding to one of the two CNSs (conserved non-coding sequence) identified by Adam et al. (2010) are shaded in grey, and the large insertion/deletion polymorphism between two pairs of species (A. asiatica and A. filipendulina vs. A. acuminata and A. ptarmica) is shaded in green.
whole-mount in situ mRNA hybridization using seedling leaves. As expected, we found no expression signals in cotyledons with entire margins; while in all seedling leaves, expression signals were observed across the morphogenetic stages of a blade from its being spire-like (approx. 0.5-1 mm long) to being premature (before fully expanding). The expression signals appeared where a tooth was to grow (Fig. 7A, D) , or at the sinus when the teeth bulged (Fig. 7C, E) . Note that, of the third and fourth leaves of A. asiatica, the primary teeth further elongated, and expression signals of AasNAM reappeared along the margins of the lobes (Fig. 7G, I ). Control hybridizations are provided by a sense strand Achillea NAM probe, which produced no significant hybridization signal (Fig. 7B, F, H, J) .
Temporal expression patterns of AacNAM and AasNAM during leaf development revealed by droplet digital PCR and quantitative real-time PCR
To mirror the spatiotemporal expression patterns of the NAM genes of the two Achillea species revealed by whole-mount in situ hybridization, two quantitative approaches of gene expression assay, ddPCR and qPCR, were carried out. The expression level of AacNAM in all the A. acuminata leaves declined continuously from stage a to e (Fig. 8A, C) . In contrast, both ddPCR and qPCR showed that in all leaves of A. asiatica, the expression level of AasNAM fluctuated at a relatively high level from stage a to e (Fig. 8B, D) . Clearly, the quantitative expression assays presented differential temporal expression patterns between the two species. According to our SEM observations (Fig. 3) , the initiation of serrates was early when the leaves were about 300 µm; however, a single leaf at a length of about 1.5 mm is almost the smallest sample we could take for RNA extraction. Therefore, there may be an early increase of NAM expression linked to the initiation and early morphogenesis of serration or lobes in both species prior to our sampling stage 'a'.
DISCUSSION
The development of a leaf follows three stages: initiation, morphogenesis and differentiation. Leaf marginal architecture is determined during morphogenesis and finally fixed during the differentiation stage (Bar and Ori, 2015) . In arabidopsis, the 
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Aquca_033_00035 Aquilegia coerulea Evm_27.TU.AmTr_v1.0_scaffold00058.98 AtrNAM Amborella trichopoda 0.2 Fig. 6 . Phylogenetic tree of the land plant NAC Ia subfamily of transcription factors. Left: the unrooted tree based on the complete sequence data set. Right: the sub-tree of the angiosperm NAM (CUC1/2) clade. A, B, C and D correspond to the other four angiosperm NAC Ia members. The tree was constructed using the Maximum Likelihood (ML) method implemented in RAxML v8.2.9 (Stamatakis, 2014) . Bootstrap supports (>50 %) are marked on the branches. Each terminal branch is labelled with the locus or gene name followed by the species name. The Achillea sequences cloned during this study are marked by solid triangles. For more detailed branching patterns, readers are referred to Supplementary Fig. S5 . The alignment of the corresponding sequences is provided as additional Supplementary Data, and their data sources and accession numbers are listed in Table S2. initiation of leaf serration is regulated by the activity of the CUC2 gene (Nikovics et al., 2006; Kawamura et al., 2010; Bilsborough et al., 2011) ; in medicago, mutations of MtNAM led to many developmental defects including fused leaflets and reduced serration (Cheng et al., 2012; Zhou et al., 2013) . It has been proved that the function of NAM/CUC in defining a developmental boundary has been conserved since the last common ancestor of the flowering plants ( Adam et al., 2010; Hasson et al., 2011; Vialette-Guiraud et al., 2011) , and there is strong evidence for the conservativeness of the NAM/CUC2 orthologues in regulating leaf margin development across eudicots (Blein et al., 2008; Berger et al., 2009; Canales et al., 2010; Hasson et al., 2011; Cheng et al., 2012; Zhou et al., 2013) . In this study, we successfully isolated the NAM genes from A. acuminata and A. asiatica. According to their gene structure (Fig. 4A) , their conserved NAC domains, several specific conserved motifs, particularly the miR164-binding site (Supplementry Data Fig. S3 ) as well as the phylogenetic analysis (Fig. 6 ), we verified that the genes we cloned are orthologues of arabidopsis CUC1/2 and petunia NAM (Souer et al., 1996; Aida et al., 1997; Aida and Tasaka, 2006) . Our in situ hybridization assays showed that AacNAM and AasNAM have spatial expression patterns along leaf or leaf lobe margins in Achillea (Fig. 7 ) similar to AtCUC2 in arabidopsis (Nikovics et al., 2006; Bilsborough et al., 2011) , supporting the hypothesis that they share a similar role with AtCUC2, Medicago MtNAM (Zhou et al., 2013) and tomato GOB (Berger et al., 2009) during the development of leaf serration or a compound leaf. Therefore, our study, the first survey of the NAM gene in Asteraceae, provides additional evidence for the conserved NAM activity in leaf margin development across eudicots.
The NAM TFs belong to NAC Ia, a land plant-specific subfamily of the NAC TF family (Zhu et al., 2012) . Across the angiosperm phylogeny, there is a paralogous member of NAM (CUC1/2), namely CUC3 (Hasson et al., 2011; Vialette-Guiraud et al., 2011; Zhu et al., 2012) . In arabidopsis, CUC3 is functionally partially redundant with CUC1/2 in the establishment of the cotyledon boundary and the shoot meristem (Vroemen et al., 2003) . To evolutionary biologists, it would be interesting to know when these functionally redundant gene lineages arose. Some authors predicted that the separation of NAM and CUC3 lineages might be prior to the monocot-dicot divergence (Zimmermann and Werr, 2005; Adam et al., 2010; Hasson et al., 2011) or prior to the radiation of the extant angiosperms (Vialette-Guiraud et al., 2011) . However, none of previous inferences are solid as they were based on genes only of angiosperms or additionally included a few partial gymnosperm sequences (e.g. the gnetum GgnEX946115 and gingko GbNACa analysed by Vialette-Guiraud et al., 2011) . Today, as more and more genomic sequencing data have become available, we are able to verify the previous results through a phylogenetic analysis of the subfamily NAC Ia across land plants. We searched and obtained all NAC Ia members across the representative land plant species for which genomic sequence data are available. Our phylogenetic analysis showed that the land plant NAC Ia subfamily consists of a monophyletic 'moss + lycophyte' group, a monophyletic gymnosperm group and six monophyletic angiosperm groups (Fig. 6) ; a sequence of Amborella trichopoda, the sole surviving sister species of all other living flowering plants, is available at the basal position of each of the six angiosperm groups ( Suppelementary Fig. S5 ). All these findings suggest that the NAC Ia subfamily had experienced a copy number expansion prior to the radiation of the extant flowering plants, and support Vialette-Guiraud et al. (2011) in their inference that a duplication event prior to the radiation of the extant angiosperms generated the NAM (CUC1/2) and CUC3 lineages. As mentioned above, CUC3 is partially redundant in function with CUC1,2/NAM in establishing plant organ boundaries (Vroemen et al., 2003 , Hasson et al., 2011 . As to leaf development, Hasson et al. (2011) showed that CUC3 also contributes to leaf serration of arabidopsis but in a minor way compared with CUC2. A prominent feature of CUC3 genes making them different from CUC2/NAM is the absence of the miR164-binding site, while co-expression of MIR164A with its target CUC2 in the leaf margin is essential for leaf serration development, and the balance between CUC2 and MIR164A genes determines the extent of serration. Hasson et al. (2011) pointed out that CUC3 acts at a later stage than CUC2, probably to maintain growth of the developing teeth. Therefore, although the involvement of CUC3 in leaf margin development is also of interest, as a first study on the genetic basis of leaf form diversity in Asteraceae, here we only focus on the NAM gene of which the orthologous CUC2 has proved essential for dissecting leaves in arabidopsis.
The present study aims to examine whether there are distinct patterns of NAM expression behind the serrate vs. pinnate or pinnatisect leaves among the Achillea species. Corresponding to our in situ hybridization result that showed a spatiotemporal difference of NAM expression between the two species (Fig. 7) , the ddPCR and qPCR assays presented in parallel the differential temporal expression patterns: a continuous decline of AacNAM expression in the leaves of A. acuminata vs. a fluctuating expression of AasNAM in A. asiatica (Fig. 8) . The relatively long D) . The first and second leaves were pooled because they grow simultaneously. Five developmental stages are symbolized by a-e. Of all leaves, stage 'a' corresponded to the day when the leaves were about 1.5 mm in length, and then the later stages were sampled every day for the first and second leaves and every other day for the third and the fourth leaves. Expression levels of ACTIN were used for normalization (ACTIN7 for ddPCR; ACTIN1 for qPCR). Error bar is ± s.e. value of all biological samples. 'nd', not detected. Asterisks indicate statistical significance using two-tailed t-test. *P ≤ 0.05; **P ≤ 0.01. (Guo et al., 2004) . To determine whether the sequence divergence in the promoter region of NAM is correlated to the different expression patterns of AacNAM and AasNAM and thus linked to the leaf shape diversity, we need an in-depth future study with both genetic and developmental approaches.
In arabidopsis, the balance between the co-expressed MIR164A and CUC2 genes controls the depth of serration. Increased CUC2 expression due to the decrease of MIR164A activity prolongs the tooth growth, whereas low levels of CUC2 activity resulting from overexpressing miR164 lead to less marked sinuses or smooth leaf margins (Nikovics et al., 2006) . Koyama et al. (2010) presented a model for the regulation of CUC genes by CIN-like TCPs. The pathway of miR156 and its target SPL9 transcription factor acts on TCP4 that interacts with CUCs to regulate the expression level of CUC2. Since CIN-like TCP genes may act dose dependently, they possibly play an important role in the signalling pathways that generate diversely dissected leaves (Chitwood and Sinha, 2014; Rubio-Somoza et al., 2014) . Using RNA-Seq, Ostria-Gallardo et al. (2016) found that light availability regulates expression levels of NAC family genes that modulate leaf size and complexity. Available data suggest that the miR156/SPL pathway acting on TCP activity would be sensitive to light intensity and thus influence the interaction between CUC and TCP pathways (Chitwood and Sinha, 2016) . Achillea acuminata and A. asiatica do occur in diverse habitats, the former in relatively shady forest margins and the latter in open meadows. Considering historical factors, the highly dissected A. asiatica had probably been established due to more light availability at the time of speciation. Therefore, one of our future efforts will be to construct gene co-expression networks for leaf development in the Achillea species having strikingly different leaf forms, with particular focus on the interaction between the aforementioned CUC and TCP pathways with the aid of RNA-Seq analyses.
Although various leaf shapes, including single and complex, pinnate and palm-like, have been studied in-depth in the model plant systems, the regulatory networks underlining the tremendous diversity of leaf shapes across the flowering plants remain barely examined. In Asterids, the role of NAM-like genes in leaf development has been investigated even less. Studies of petunia NAM (Souer et al., 1996) and its orthologous CUP in Antirrhinum (Weir et al., 2004) mainly demonstrate their role in establishment of the embryonic meristem and determination of the boundary domain. In tomato, the orthologous GOB was found to be required for specifying leaflet boundaries of the compound leaf. So far, knowledge about the contribution of NAM-like genes to leaf development has been obtained mainly in compound leaf species (Blein et al., 2008; Bar and Ori, 2015) ; meanwhile, tomato and its generic allies are the only Asterid plants that have been targeted for intensive investigations of the genetic basis of leaf shape diversity (Ichihashi et al., 2014; Bar and Ori, 2015 , and references therein). The present study provides an important case study in the large family Asteraceae that contains almost one-tenth of all flowering plants and has an enormous diversity of leaf forms. Results of this study and the upcoming efforts, particularly on the gradient changes to leaf forms of the polyploid Achillea species, may extend our knowledge to the underlying mechanisms of the developmental variation of the simple but differently dissected leaves in this family.
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